Owing to the complexity and uncertainty of scientific research projects, government-funded institutions often invite multiple peer experts to evaluate the projects. How to aggregate the evaluation opinions of multiple peer experts is an important issue. With consideration of the experts' knowledge background and historical evaluation performance, this paper proposes an evidential reasoning approach under two-dimensional frames of discernment to aggregate the evaluation opinions of multiple experts. Firstly, two-dimensional frames of discernment are constructed. The I-dimensional frame of discernment describes experts' evaluation opinions, and the II-dimensional frame of discernment describes experts' knowledge background and historical evaluation performance. Experts' evaluation opinions and characteristic information are transformed into pieces of evidence, which could be expressed by their respective belief distributions. Secondly, the II-dimensional evidence information is used to generate the evidence correction factor to reflect experts' reliabilities. Finally, the experts' evaluation opinions are corrected using the evidence correction factors. Thus, the corrected experts' evaluation opinions contain the experts' characteristic information. In addition, the evidential reasoning approach is used to aggregate the evaluation opinions of multiple experts to complete the selection of the scientific research projects. An illustrative example on aggregating the evaluation opinions of the National Natural Science Foundation of China is provided to demonstrate the applicability and validity of the proposed method. Experimental results show that the proposed method can enhance the description of uncertainty in experts' evaluation opinions, reflect the qualities of the experts' evaluation opinions, and make the aggregation results of multiple experts' evaluation opinions more reasonable and accurate.
I. INTRODUCTION
The selection of scientific research projects is an important decision-making activity of government-funded institutions [1] , [2] . The purpose is to provide financial support for the scientific research projects with significant scientific breakthroughs or social influence [3] . The rapid development of science and technology has promoted the annual increase of the number of proposals received by government-funded The associate editor coordinating the review of this manuscript and approving it for publication was Justin Zhang .
institutions. For example, the National Natural Science Foundation of China (NSFC) received 214,867 proposals in 2018, which reflects an increase of 24,027, or 12.59%, compared with those of the same period in 2017. The process of how to scientifically and reasonably select projects from a large number of alternative projects for funding is considerably important under the case of limited resources [4] - [6] .
Scientific research projects are generally selected according to certain procedures [2] . For example, the project approval evaluation procedures of the NSFC include the following steps, namely, call for proposals, proposals VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ submission, preliminary evaluation of projects, peer review, aggregation of experts' opinions and panel evaluation [7] . Among these procedures, peer review is the most important basis of scientific research project selection. To ensure the scientific nature and fairness of peer review, the NSFC introduced artificial intelligence technology into peer review to explore the intelligent assignment of peer review experts and minimize the interference of non-scientific factors [8] . However, based on the actual application effect, the professional matching between the assigned experts and the evaluation projects remains unsatisfactory. Currently, the case that the assigned experts are 'Less familiar' and 'Partly familiar' with projects is inevitable [9] . Peer review experts can credibly evaluate in familiar research fields but may unreliably assess in unfamiliar research fields. During the aggregation of experts' opinions, project managers disregard the familiarity of peer review experts with projects and the individual differences among the latter. They treat all peer review experts equally and adopt an arithmetic average method to aggregate the opinions of multiple experts [10] . However, the frontier technologies in the scientific research projects are complex and ambiguous [11] , and the familiarities of peer review experts with such technologies are different. Moreover, the review experts exhibit different understanding of the evaluation criteria and adopt various levels of leniency and strictness in their evaluations. Thus, the reliabilities of peer review experts are different. The fairness of project selection is affected by using the arithmetic mean as the aggregation result of expert opinions. Therefore, under the premise of selecting peer review experts, the experts' evaluation opinions should be enriched by considering their characteristic information to reflect their differences in the process of aggregating opinions and ensure the impartiality of project selection.
To reflect the differences among the review experts during the aggregation of opinions, this paper proposes a novel information fusion method based on the evidential reasoning (ER) approach [12] under two-dimensional frames of discernment. The I-dimensional frame of discernment describes the evaluation opinions of experts on scientific research projects. The II-dimensional frame of discernment describes the experts' characteristic to reflect the experts' reliability, which is used to modify and supplement the I-dimensional frame of discernment and improve the information content of the evidence frame of discernment. Subsequently, the IIdimensional evidence is used to obtain the evidence correction factor and correct the I-dimensional evaluation information that is provided by the experts. Finally, the ER approach is used to aggregate the evaluation opinions of multiple experts to rank and select projects.
The rest of this paper is organized as follows. Section II briefly reviews the existing literature about peer review information fusion. Section III introduces the research background, including the existing peer review information fusion method of the NSFC and the drawbacks of the existing method. Section IV proposes a new peer review information fusion method based on the ER approach under twodimensional frames of discernment. An illustrative example is provided to examine the performance of the proposed method in Section V. The paper is concluded in Section VI.
II. LITERATURE REVIEW
In peer review, experts in a particular field evaluate others' professional performance or the creativity or quality of their scientific research work [13] , which is widely used in the selection process of scientific research projects [14] , [15] . An international survey regarding attitudes toward peer review reports that the overwhelming majority (93%) of respondents agreed that peer review was necessary [16] . The importance of peer review is recognized, but scholars also realize the shortcomings of peer review [17] , [18] . Peer review draws criticisms as follows. Firstly, experts rarely reach a consensus on whether the project should be funded, thereby reflecting the poor reliability of peer review [19] - [21] . Secondly, experts are biased during the peer review process, which means that the evaluation results are determined by the scientific value of research projects and influenced by the characteristics of experts, such as their position, leniency or strictness, and areas of competency [13] , [22] - [25] . Thirdly, experts must complete the review within the specified time, so the increase in the number of projects for evaluation affects the quality of the review [17] , [26] .
The evaluation opinions of multiple experts should be aggregated to reduce the effect of peer review shortcomings. Research shows that the aggregated opinion is consistently superior to the opinions of individual expert, although it is collected by merely using a simple average [10] . Owing to the exploratory and unpredictability of scientific research projects, particularly for interdisciplinary projects, peer experts can hardly evaluate accurately. Experts can merely provide limited inferential information based on limited knowledge, experience and subjective judgements. Thus, the evaluation opinions are ambiguous and uncertain [27] , [28] . The ER approach can model uncertain information such as vagueness, incompleteness and ignorance in a systematic and consistent way [29] , process highly or completely contradictory evaluation information without changing the nature of the evidence and combine multiple pieces of evidence in any order without changing the final results [30] . Numerous scholars have extended their research on multi-expert evaluation information fusion using the ER approach. For instance, Zhu et al. [5] and Liu et al. [31] used belief structures to represent evaluation opinions of multiple experts, assessed the reliability of experts using a confusion matrix, and aggregated the evaluation opinions of multiple experts based on ER rules. Furthermore, Liu et al. [2] presented a likelihood based evidence acquisition approach and extracted the belief distributions using historical statistics and the initial evaluation grades that were provided by experts. Chen et al. [32] used belief structures to represent the partially ordered preferences using the belief degrees of experts and subsequently applied the ER algorithm to aggregate the belief structures. Fu et al. [33] proposed that experts could select belief distributions or distributed preference relations to express their preference information in certain situations, developed a method for transforming belief distributions into distributed preference relations, and combined distributed preference relations using the ER algorithm.
Owing to incomplete or lacking information, experts cannot provide precise evaluation opinions under certain situations. To deal with these situations, some scholars expressed evaluation opinions using fuzzy concepts and extended ER to the fuzzy environment [34] - [38] . For example, Jiang et al. [34] represented evaluation grades using fuzzy sets and proposed the fuzzy belief structure model to describe the judgements of experts. Fu and Yang [35] used interval-valued belief structures to express the evaluation opinions of multiple experts and extended the subjective weights of experts, the weights of attributes, and the utilities of experts for assessment grades to intervals. Chen et al. [36] transformed intuitionistic fuzzy values denoting the evaluated values of experts into belief structures and then aggregated the evaluated values using the ER methodology. Tang et al. [37] proposed a method for transforming the intuitionistic fuzzy assessments and the interval-valued intuitionistic fuzzy assessments provided by experts into ER belief distributions and determined experts' reliabilities based on the original assessments and the updated assessments provided by the experts before and after group discussions. Du et al. [38] proposed three kinds of inference ways, namely, singleton attribute inference, local integral inference and global integral inference, considering the knowledge structure of experts. They also used interval-valued intuitionistic fuzzy sets to express the evaluation opinions of experts, transformed the expert evaluation opinions to basic probability assignment functions, calculated experts' reliability based on whether the evaluation results were consistent with the final results and conducted information fusion using the analytical ER rule.
The aforementioned studies reveal that, scholars adopted different methods to extract belief distributions from experts' precise or fuzzy evaluation opinions and used the ER approach to aggregate multi-expert evaluation opinions. However, they rarely discuss the qualities of experts' evaluation opinions. The characteristics of experts, such as their knowledge, experiences, preferences, etc., affect the qualities of experts' evaluation opinions to a certain extent. If the qualities of experts' evaluation opinions are low, then the aggregated results may be controversial. Certain scholars use experts' historical performance to calculate the reliabilities of experts [2] , [5] , [31] , [38] , which provide a reference for this study. However, they disregard the influence of experts' knowledge background on the qualities of experts' evaluation opinions. When the current evaluation problem is similar to the previous evaluation problems, experts' reliability can be measured by using experts' historical performance. That is, expert's reliability is high if his/her historical performance is high. When the current evaluation problem differs from the previous evaluation problems, particularly when the expert is not familiar with the current evaluation problem, it is unreasonable to measure the reliability of the expert by merely using expert's historical performance. The reliabilities of experts should be measured by combining their knowledge background with their historical evaluation performance. Based on the traditional evidence theory, Zhu et al. [39] proposed the concept of two-dimensional frames of discernment, that is, the I-dimensional frame of discernment describes evidence information and the II-dimensional frame of discernment reflects the features of the evidence sources or evidence acquisition process. Based on previous research, this paper combines two-dimensional frames of discernment with the ER approach to aggregate multi-expert evaluation opinions for scientific research projects.
III. BACKGROUND DESCRIPTION A. EXISTING METHOD OF AGGREGATING PEER REVIEW OPINIONS IN THE NSFC
The NSFC is one of the main channels for supporting basic research by the government, and one of its core functions is the evaluation and selection of scientific research projects [5] . According to its evaluation principle of 'relying on experts, promoting democracy, selecting the best, impartiality and rationality', scientific research projects are selected through peer review. The selection of scientific research projects considerably depends on the aggregation results of peer review opinions.
We take the Management Science Department of the NSFC as an example and introduce the existing method for aggregating peer review opinions in this section. Five experts from the same or similar research fields are randomly selected from the peer expert database to review each project. Based on the content of the project and the evaluation rules of the NSFC, experts fill out the form Peer Review Opinions on Projects Applied by the National Natural Science Foundation of China. Three evaluation indices exist in the form, namely, 'Familiarity', 'Comprehensive evaluation' and 'Funding opinion'. 'Familiarity' is a referential index that is divided into 'Familiar', 'Less familiar' and 'Partly familiar'. This index is a self-assessment of experts' familiarity with the research field of the project. 'Comprehensive evaluation' and 'Funding opinion' are the quality evaluation indices of scientific research projects. 'Comprehensive evaluation' is divided into 'Excellent', 'Good', 'Average' and 'Poor'. 'Funding opinion' is divided into 'Priority funding', 'Funded' and 'Non-funded'. Experts evaluate each project based on the evaluation criteria and select the appropriate evaluation grade on the indices.
The NSFC converts the evaluation opinions of experts into scores to aggregate the evaluation opinions of multiple experts. For example, the four grades for 'Comprehensive evaluation' that are provided by the Management Science Department are 4, 3, 2, and 1, and the three grades for the 'Funding opinion' are 2, 1, and 0. The average score from the review experts can be calculated on each index. The sum of the average scores of the two is the total evaluation score of a project. According to the total evaluation score and expert opinions, the scientific departments divide projects into six grades, namely, A (≥4.8), A-(≥4.6), B (≥4.0), E (≥3.8), C, and D. Generally, Grade A projects are recommended to receive priority funding. Grade A-and Grade B projects are likewise eligible for funding. Grade E projects are non-consensual projects. All the projects above Grade E are submitted to panels for consideration. Grade C projects will not be submitted to panels for consideration and will not be funded in principle. Grade D projects are inadmissible projects.
B. ANALYSIS OF THE EXISTING METHOD OF AGGREGATING PEER REVIEW OPINIONS
The existing method of aggregating peer review opinions by the NSFC is simple and feasible. The method has been implemented for numerous years in the project evaluations of the NSFC. However, the existing method exhibits the following problems.
x The quantized values are limited. Given that the value of the evaluation grade provided by experts is an integer between 0 and 4, the project score can only be a finite discrete value after averaging the experts' opinions. Multiple projects with the same score may exist. Thus, the quality of projects can hardly be distinguished based on the project score.
y Incomplete information can hardly be described. Most foundation projects are studies that explore the frontier areas. In addition, several situations arise when even peer experts fail to understand the project's research content and can hardly provide a precise assessment. However, the uncertain information of experts cannot be reflected using the existing method.
z The individual differences of experts cannot be reflected. Experts exhibit different familiarities with evaluation projects, various experiences in peer review and different evaluation leniencies and strictness, thereby yielding different expert reliabilities. When experts' opinions are aggregated using the existing method, unfair evaluation results occur when experts are treated equally.
IV. EVIDENTIAL REASONING APPROACH UNDER TWO-DIMENSIONAL FRAMES OF DISCERNMENT
Whether a research project is funded or not depends on the evaluation opinions of multiple peer experts. However, the evaluation opinions that are provided by multiple peer experts may be inconsistent or conflicting. In this section, we use the ER approach to aggregate the evaluation opinions provided by multiple peer experts. The frame of discernment that is constructed using the existing ER approach merely reflects the evaluation information of experts, but it cannot reflect the qualities of experts' evaluation information. Different from the existing ER approach, this paper adds the onedimensional frame of discernment to reflect the knowledge and behavioral characteristics of experts and proposes the ER approach under two-dimensional frames of discernment.
A. CONSTRUCTION OF TWO-DIMENSIONAL FRAMES OF DISCERNMENT
Definition 1: Let θ i be a possible result of a decision-making problem and = {θ 1 , θ 2 , · · · , θ n } be the set of all possible results. The elements in the set are mutually exclusive and exhaustive, that is, θ i ∩ θ j = for any i, j ∈ {1, 2, · · · n} and i = j, where is an empty set. is called a frame of discernment. The power set of is denoted as P ( ) or 2 , which can also be represented as follows:
Definition 2: For a decision-making problem, on the basis of constructing the traditional frame of discernment , the one-dimensional frame of discernment is added to reflect the feature of the evidence source or the evidence acquisition process. Consequently, two-dimensional frames of discernment are formed, which can be expressed as follows:
n } is the II-dimensional frame of discernment that is used to represent n features of the evidence source. i represents feature i of the evidence source. Similar to , the elements in i are mutually exclusive and exhaustive, that is,
For simplicity, the two-dimensional frames of discernment can be abbreviated as ϒ : ( → ). The II-dimensional frame of discernment is used to modify and supplement the I-dimensional frame of discernment. The two-dimensional frames of discernment contain additional information and can assist decision makers to improve the accuracy of their decisions.
Definition 3: If a function m : 2 → [0, 1] satisfies the following conditions
then m is called a Basic Probability Assignment (BPA) function or mass function. ∀θ ⊂ , m (θ ) called basic probability number can be interpreted as the degree of belief that the evidence supports θ . The basic probability number assigned to represents the degree of global ignorance, denoted by m ( ).
During the research project selection problem of the NSFC, the I-dimensional frame of discernment describes the evaluation opinions of experts, that is, a set of 'Comprehensive evaluation' evaluation grades and a set of 'Funding opinion' evaluation grades. The set of 'Comprehensive evaluation' evaluation grades is expressed as 1 
The set of 'Funding opinion' evaluation grades is expressed as 2 = {priority funding, funded, non-funded} = θ 2,1 , θ 2,2 , θ 2,3 . Assume that L experts E i (i = 1, 2, . . . , L) are present to evaluate the research project e j (j = 1, 2, . . . , J ). If e j is evaluated to a grade θ t,n on the tth evaluation criterion with a belief degree m i,j t,n by E i , then the assessment of research project e j can be described by a belief distribution as follows:
is the degree of global ignorance. The II-dimensional frame of discernment describes the characteristics of experts and reflects the reliability of experts. Experts' characteristics are described from two perspectives in the paper.
x Experts' familiarity with the project. Most scientific research projects are under frontier fields, and numerous projects are interdisciplinary. Therefore, peer experts may not fully understand the research content of the projects. The 'Familiarity' of experts in the peer review form reflects their understanding of the project's research field. Generally, an expert with high familiarity with a project exhibits high reliability.
y Historical review performance of experts. Review experts have participated in project evaluation many times. The past review performance of experts can reflect the reliabilities of experts to a certain extent. Generally, the higher the accuracy of an expert's historical review is, the higher the reliability of the expert.
The II-dimensional frame of discernment is constructed as follows: 
If expert E i is evaluated to a grade ϕ t,m on characteristic c t with a belief degree β i t,m , then the assessment of the expert E i can be described using a belief distribution as follows:
is the degree of global ignorance. 'Familiarity' is a qualitative index that can be evaluated directly by experts based on their understanding of the research project. 'Historical review performance' is determined by the accuracy of the expert's historical reviews. The accuracy of an expert's historical reviews can be estimated using statistics. For example, if expert E i evaluated a total of Q projects in the past in which q projects evaluation results were proven consistent with the actual funding results, then, the accuracy of expert E i could be calculated by q Q . The accuracy of an expert's historical review is a quantitative index. We must extract the equivalence rules to transform a particular value to an evaluation grade. To solve this problem, we use the quantitative data transformation technique [40] .
If the accuracy of an expert's historical review h m is equivalent to a grade ϕ 2,m of historical review performance, then, the accuracy of an expert's historical review h i can be transformed to the degree of belief as follows:
In conclusion, the two-dimensional frames of discernment that are constructed in this paper can be expressed as follows:
GENERATION OF THE EVIDENCE CORRECTION FACTOR
After the two-dimensional frames of discernment are constructed, all the evidence should be aggregated. Compared with the traditional one-dimensional frame of discernment, the two-dimensional frames of discernment can describe the features of the evidence sources using the IIdimensional frame of discernment. Firstly, we can fit the II-dimensional evidence information into the I-dimensional evidence information. That is, the evidence correction factor a = (a 1 , a 2 , . . . , a i , . . . , a L ), where 0 ≤ a i ≤ 1, can be generated based on the II-dimensional evidence information, and the evidence correction factor a is used to discount the I-dimensional evidence information. We subsequently aggregate the discounted I-dimensional evidence information. Figure 1 illustrates the aggregation logic.
The evidence correction factor a = (a 1 , a 2 , . . . , a i , . . . , a L ) is calculated as follows.
Step 1: The assessment of expert E i on each characteristic in the II-dimensional frame of discernment is regarded as a piece of evidence and the weight of the evidence is equal to the weight of the characteristic. If ω t is the weight of characteristic c t that is normalized to represent the relative importance of the characteristic as 0 ≤ ω t ≤ 1 for i = 1, 2 and 2 t=1 ω t = 1,then the degree of belief β i t,m of the evaluation grade ϕ t,m of characteristic c t for expert E i is transformed VOLUME 8, 2020 into the basic probability mass p i m (c t ) using the evidence discounting method in ER [12] . This step is expressed as follows:
p i t (c t ) is caused by the incompleteness of the assessment on characteristic c t , andp i t (c t ) is the remaining support due to the weight of characteristic c t .
Step 2: The basic probability masses of characteristics c 1 and c 2 for expert E i are combined into the joint probability mass by using the ER analytical algorithm. Consequently, the combined belief distribution of expert E i in the II-dimensional frame of discernment can be denoted as
The detailed calculation process is as follows:
where
The joint probability mass is normalized through the following equations:
β i m is the joint probability mass on the individual grade and β i is the remaining joint probability mass that is assigned to the whole set .
Step 3: The overall combined belief distributions of L experts in the II-dimensional frame of discernment can be sequentially calculated separately using (5) to (13) . Subsequently, we can transform the combined belief distributions of the L experts in the II-dimensional frame of discernment into the evidence correction factors a = (a 1 , a 2 , . . . , a i , . . . , a L ), where 0 ≤ a i ≤ 1. Without the loss of generality, high reliability of the evidence source results in large corresponding evidence correction factor.
In this paper, the expected utility is used to quantify the evaluation grade of experts' characteristics. If the expected utilities of the evaluation grades ϕ 1 , ϕ 2 , . . . , ϕ m are u (ϕ 1 ) , u (ϕ 2 ) , . . . , u (ϕ m ) and u (ϕ 1 ) u (ϕ 2 ) · · · u (ϕ m ), then the evidence correction factor a i of expert E i is calculated as follows:
C. AGGREGATION OF MULTI-EXPERT REVIEW INFORMATION
After the characteristics of the experts in the II-dimensional frame of discernment have been transformed into the evidence correction factor, the evidence correction factor should be used to modify experts' evaluation opinions and thus improve the quality of experts' evaluation opinions. The revised multi-expert opinions are subsequently aggregated to form a comprehensive evaluation opinion of the project. Finally, projects can be ranked based on the comprehensive evaluation opinions.
If the evaluation opinion of each expert on each project is regarded as a piece of evidence, then we can construct the aggregated decision matrix , which is shown as follows:
) is a belief distribution denoting the evaluation opinions provided by expert E i with respect to research project e j . Based on the aggregated decision matrix and the evidence correction factor a, we perform the following steps.
Step 1: Discount expert evaluation opinions using the evidence correction factor. That is, the degree of belief m i,j t,n that project e j is assessed to the evaluation grade θ t,n by expert E i is transformed into the basic probability mass p i t,n e j by the evidence correction factor a i by using evidence discounting method in ER [12] . This step is expressed as follows:
e j is caused by the incompleteness of the assessment of project e j , andp i t, e j is the remaining support due to the evidence correction factor a i .
Step 2: The basic probability masses of L experts with respect to project e j can be aggregated by using the ER analytical algorithm [12] . Consequently, the combined belief distribution of project e j can be denoted as S e j = θ t,n , m j t,n , n = 1, 2, . . . , N t . The detailed calculation process is as follows:
The joint probability mass is normalized by using the following equations: is the remaining joint probability mass that is assigned to the whole set t .
Step 3: Based on (15) to (23) , the combined belief distribution of each project can be obtained. The combined belief distribution can clearly reflect the assessment of the project, which can determine the project's given grades and the degrees of belief in the grades. However, in several cases, the two projects can hardly be compared directly by using combined belief distributions. The combined belief distribution should be quantified into a numerical value to compare and rank projects. In this paper, the expected utility is used to quantify the combined belief distribution. If the expected utilities of the evaluation grades θ t,1 , θ t,2 , · · · , θ t,n in the I-dimensional frame of discernment are u θ t,1 , u θ t,2 , · · · , u θ t,n and u θ t,1 u θ t,2 · · · u θ t,n , then the expected utility of project e j is calculated as:
Projects can be ranked according to their expected utilities. If the original review information that is provided by expert is incomplete, that is, ∃E i (i = 1, 2, · · · , L), and m i,j t, = 1 − N t n=1 m i,j t,n = 0, then certain remaining joint probability mass is assigned to the whole set t , i.e. m j t, = 0. We must assign the expected utility to the whole set t . If the highest utility of the whole set t is u θ t,1 and the lowest utility of the whole set t is u θ t,n , then the maximum, minimum and average utilities of project e j can be calculated as:
u avg (e j ) = u max e j + u min e j 2 (27) By comparing the average utilities of projects, we can obtain the ranking of projects.
V. ILLUSTRATIVE EXAMPLE
In this section, the problem of selecting research projects for the NSFC is conducted to demonstrate the applicability of the proposed method. A total of 100 projects are randomly selected from the projects that were accepted by the Management Science Department of the NSFC for these experiments. To ensure the consistency of the data form, the selected projects are reviewed by five valid peer experts. In this section, a project is taken as an example to illustrate the calculation process of the proposed method. Subsequently, the calculation results of the entire dataset are analyzed. Generally, given the peer review information, the close aggregated results to the final funding results leads to highly reasonable aggregation method. Therefore, based on the final funding results, this paper compares the proposed method with the method in [5] and the existing method of the Management Science Department of the NSFC to verify the effectiveness of the proposed method.
A. IMPLEMENTATION OF THE PROPOSED METHOD
A project in the dataset is selected as an example to illustrate the implementation process of the proposed method. Table 1 indicates the original review information and expert characteristic information of the project.
Step 1: The experts' original review information and characteristic information are transformed into the belief distributions using (2) to (4) . The equivalence rules of historical review accuracy are expressed as follows:
If the accuracy of an expert's historical review is 1, then the historical review performance of the expert is high. If the accuracy of an expert's historical review is 0.5, then the historical review performance of the expert is medium. If the accuracy of an expert's historical review is 0, then the historical review performance of the expert is low. Table 2 presents the belief distributions of the five experts on the two-dimensional frames of discernment.
Step 2: The evidence correction factors are generated by using the characteristic information of the experts in the II-dimensional frame of discernment. The relative weights of the expert characteristics are determined using the direct assignment method. The two features of experts in the IIdimensional frame of discernment are assumed to be equally important, that is, ω 1 = ω 2 = 0.5. The combined belief distribution of each expert in the II-dimensional frame of discernment can be obtained by using (5) to (13) . If the utilities of the evaluation grades in the II-dimensional frame of discernment are 1, 0.8 and 0.6, then the evidence correction factor of each expert can be calculated by using (14) . Table 3 reports the calculation results.
Step 3: The belief distributions of experts in the I-dimensional frame of discernment are modified by using the evidence correction factor according to (15) to (17) and are then aggregated by using (18) to (23) . Table 4 reflects the final results.
Step 4: Similar to the existing method of the Management Science Department of NSFC, the utilities of the four grades in the 'Comprehensive evaluation' are assigned with 4, 3, 2, and 1 scores; the utilities of the three grades in the 'Funding opinion' are assigned with 2, 1, and 0 scores. Subsequently, the combined belief distribution of the project can be quantified as 3.484 by using (24) .
B. COMPARISONS WITH OTHER METHODS
The evaluation opinions of the 100 projects are aggregated using the existing method of the Management Science Department of the NSFC, the method in [5] and the proposed method sequentially. Figure 2 illustrates the utilities of the 100 projects. Figure 2 illustrates that the utilities obtained by these three methods are different, and the differences of several projects are more obvious than the others. When a large number of projects must be reviewed, the utilities of many projects are similar using the existing method. Apart from 5.6 and 1.4, each utility is obtained for multiple projects. The repetition rate is 98%. The projects with the same utility can hardly be compared and ranked using the existing FIGURE 2. Utilities of the 100 projects using the existing metho, the method in [5] and the proposed method, respectively. method. Moreover, they must be further screened in the panel evaluation. However, according to the method in [5] and the proposed method, few projects exist with the same utility. Using the method in [5] , seven projects have duplicate utilities, which account for 7%. Among them, two projects obtain the same utility of 1.629, two projects obtain 2.106, and three projects obtain 2.478. Using the proposed method, merely two projects obtain the same utility of 4.304 and two projects obtain 1.993. The repetition rate is 4%. Evidently, the method in [5] and the proposed method are superior to the existing method when the performance of projects is distinguished.
According to the project selection procedure of the NSFC, the scientific departments divide the projects into six grades based on the project review results and expert opinions (see Section III for details) to determine the projects that can be TABLE 3. Combined belief distribution and the evidence correction factor of each expert in the II-dimensional frame of discernment. further screened in the panel evaluation. Table 5 reports the respective categorized results for the three methods. Table 5 reveals several differences between the three methods in terms of project categorization and project approval. Based on the project selection process of the Management Science Department of the NSFC, 33 projects could further be screened in the panel evaluation by using the existing method, and 64% of the projects were funded after the panel discussion. However, 23 projects could further be screened in the panel evaluation by using the method in [5] , and 78% of the projects were funded. 29 projects can further be screened in the panel evaluation by using the proposed method, and the final project funding rate is 72%. To further analyze the reasons why the three methods produce different categorization results, the projects with different categorization results are selected. Tables 6 and 7 present the detailed information. 'Appendix' describes the characteristics of experts. Table 7 shows that according to the existing method, four projects with a utility of 4.6, four projects with a utility of 4 and ten projects with a utility of 3.8 are ranked 2nd, 17th and 23rd among the 100 projects, respectively. The existing method lacks the ability to rank the projects with the same utility. By using the method in [5] and the proposed method, the utilities of the 18 projects are all different, and the 18 projects can be accurately ranked. The reason is that the method in [5] and the proposed method take the characteristics of experts into account to reflect the qualities of experts' evaluation opinions, and modify the experts' evaluation opinions. Thus, the results are consistent with actual peer review.
Projects e 16 , e 17 , e 18 and e 19 with the same utility of 3.8 must be evaluated in the panel evaluation using the existing method. However, according to the proposed method, the utilities of the four projects are less than 3.8, which are assigned a grade of C and should not be evaluated in the panel evaluation. Moreover, the actual funding results reveal that the four projects were not funded. Thus, the number of projects that are evaluated in the panel evaluation can be reduced by using the proposed method. When a large number of projects are reviewed, the workload of the review experts can be reduced in the panel evaluation. Although the number of projects in the panel evaluation can be reduced by using the method in [5] , several projects with good quality may lose the opportunity to be funded. Table 7 shows that projects e 10 , e 11 and e 13 are classified into Grade C by using the method in [5] . They lack the opportunity to be evaluated in the panel evaluation; however, the three projects were actually funded.
Among the 19 projects in Table 7 , project e 5 has changed significantly, which rises from 6th in the existing method and the method in [5] to 2nd in the proposed method and changes from Grade B to Grade A-. The main reason is that expert E3 exhibits the lowest valued evidence correction factor among the five experts. The reliability of expert E3 is the lowest because expert E 3 was merely 'Less familiar' with project e 5 . The evaluation opinions that were provided by expert E 3 were greatly discounted when aggregated with the others, although expert E 3 provided 'Poor' and 'Nonfunded' evaluation opinions for project e 5 . Thus, the utility of project e 5 is improved. In the existing method, the qualities of the evaluation opinions that were provided by experts were not considered, which yields unfair evaluation results. In the method in [5] , the accuracy of expert E 3 is the highest among the five experts. Expert E 3 is regarded as the most reliable and his/her opinion is given the most important role in the aggregation process. Project e 5 obtains a lower utility in the method in [5] than it does in the proposed method. The method in [5] disregards the expert's familiarity with the project and fails to reflect the limitation of experts' knowledge in the process of aggregating the evaluation opinions of experts, which is inconsistent with the actual situation of expert decision-making.
In addition to project e 5 , significant differences in the rankings of projects e 7 and e 8 , e 10 and e 12 , e 14 and e 16 using the method in [5] and the proposed method. Project e 7 obtains a lower utility than project e 8 in the method in [5] while the order lies in the other way in the proposed method. The main reason for project e 7 to obtain a low utility in the method in [5] is that expert E 5 provided 'Poor' and 'Non-funded' evaluation opinions on the project, and the reliability of expert E 5 is the highest among the five experts. By contrast, the main reason for project e 8 to obtain a low utility in the proposed method is that expert E 1 was merely 'Partly familiar' with the project, and his evidence correction factor is the lowest. The evaluation opinions that were given by expert E 1 were greatly discounted when aggregated with the others.
The experts E 1 and E 2 who reviewed the project e 10 have high historical review accuracy and high reliabilities, while they provide low evaluation opinions. Thus, project e 10 obtains a lower utility than project e 12 in the method in [5] . However, in the proposed method, four experts who reviewed the project e 12 were 'Less familiar' with the project, and one was 'Partly familiar'. The reliabilities of all the five experts and their evidence correction factors of the five experts are low. The evaluation opinions of the five experts were greatly discounted when aggregated them, thereby yielding the utility of e 12 lower than e 10. In the method in [5] , the experts E 1 and E 5 who reviewed the project e 14 gave 'Average' and 'Non-funded' evaluation opinions, and their historical review accuracy are high. Although expert E 3 provided 'Good' and 'Priority funding' evaluation opinions, his historical review accuracy is the lowest, and the correction factor of expert E 3 is the smallest. Therefore, the utility of e 14 is lower than that in the existing method and is lower than the utility of e 16 . In the proposed method, expert E 5 was merely 'Less familiar' with project e 14 , and the evidence correction factor of expert E 5 is the lowest. The evaluation opinions of expert E 5 were greatly discounted when aggregated with the others. Thus, the utility of project e 14 is higher than that in the existing method. Expert E 3 who reviewed the project e 16 has the lowest historical evaluation accuracy among the five experts, and expert E 5 was merely 'Less familiar' with the project e 16 . Therefore, the reliabilities of experts E 3 and E 5 are affected. Although the evaluation opinions given by experts E 3 and E 5 on the project e 16 were high, they were greatly discounted when the five experts' opinions are aggregated in the proposed method.
Thus, the utility of project e 16 is lower than that in the existing method, and project e 16 falls behind project e 14 .
In summary, compared with the existing method and the method in [5] , the proposed method exhibits the following advantages.
(1) Using two-dimensional evidence to represent experts' evaluation opinions and experts' characteristic information, and transforming them into pieces of evidence that could be expressed by their respective belief distributions, can improve the description of uncertainty in experts' evaluation opinions. Furthermore, this method can enhance the accurate quantification of comprehensive evaluation opinions, and increase the distinguishability of projects.
(2) Taking the experts' familiarity with the project and historical review performance as the II-dimensional evidence to reflect their reliability and using the II-dimensional evidence to modify their evaluation opinions can reflect the qualities of experts' evaluation opinions, and make the aggregation results of multiple experts' evaluation opinions more reasonable and accurate.
VI. CONCLUSION
Peer review is a common method that is used by governmentfunded institutions to select scientific research projects. Under the established peer review opinions, the method that was adopted to aggregate the opinions of multiple experts exhibits an important effect on the selection results of scientific research projects. This paper proposed an ER approach under two-dimensional frames of discernment to aggregate experts' opinions in view of the fact that the existing method of aggregating experts' opinions by the NSFC cannot describe the uncertainty and incomplete information of experts, fails to effectively adopt experts' selfassessment information and disregards the individual differences of experts. The proposed method extends the traditional ER approach to a two-dimensional framework. That is, on the basis of constructing the traditional I-dimensional frame of discernment to describe experts' evaluation opinions, the IIdimensional evidence framework is constructed to describe the knowledge backgrounds and historical evaluation performance of experts and consequently determine the reliability of experts. The quality of the I-dimensional evidence information is improved by adopting the II-dimensional evidence information for correcting the I-dimensional evidence information. In addition, the aggregated results are in line with the actual situation of expert evaluations. Sampling experiments of the NSFC reveal that the proposed method can overcome the shortcomings of the existing NSFC method, effectively aggregate the opinions of multiple experts, and rank and select scientific research projects. Moreover, the proposed method integrates experts' characteristic information and decision-making information to improve the quality of experts' decision-making information. The proposed method is not only applicable to the selection of scientific research projects but also applicable to group decision making problems.
In the proposed method, the relative weights of expert features and the utilities of the evaluation grades in the IIdimensional frame of discernment are subjectively determined using the direct assignment method. For future research, we will propose a method to learn the relative weights of expert features and the utilities of the evaluation grades in the II-dimensional frame of discernment using historical review data to optimize the proposed method in this paper.
APPENDIX THE CHARACTERISTICS OF EXPERTS
See Table 8 .
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